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I 
 
摘要 
电能在交通运输工具等领域的运用是解决城市空气污染的有效途径。纯电动汽车 
(EV) 和混合动力汽车 (HEV) 成为汽车发展的新趋势。目前，EV 和 HEV 所采用的动力
能源主要为锂离子电池，锂离子电池的性能是电动汽车发展的关键。其中，电池的寿
命是锂离子电池在实际应用中面临的主要挑战之一。深入理解锂离子电池老化机理有
助于改善电池的循环寿命。理论模拟是研究电池老化机理的有效手段。通过模拟，不
仅可以解释实验观察到的老化现象，还可以预测实验不易观察到的结果，为更好地指
导锂离子电池的生产制造和使用管理提供理论依据。 
本论文的研究方法和思路共分三步：电池的老化测试；数据分析与讨论；理论模
拟。电池的老化测试分为储存和循环。储存条件包括不同荷电状态和温度；循环条件
包括不同电流、温度、循环区间。在数据分析与讨论部分，通过数学外推法，由定期
测试的表征曲线计算得到不同老化阶段的 EMF曲线。从 EMF曲线可以得到电池的最大
容量，准确计算电池的不可逆容量损失。此外，由 EMF 曲线还可得到 ݀ ாܸெி/݀ܳ 曲线。
通过对 ݀ ாܸெி/݀ܳ 曲线分析，提出了原位定量计算石墨电极衰退的方法。XPS 和拉曼
测试分别被用来验证正极的溶解及负极的退化。根据老化实验的结果，提出了 LFP 电
池在储存和循环时的老化机理。最后，通过对老化机理的分析，建立了 LFP 电池的老
化模型。模型由两部分组成，一是SEI膜在负极的生长模型；二是高温时正极的溶解模
型。SEI 膜的生长和正极的溶解都会造成电池的不可逆容量损失。SEI 膜生长模型是基
于电子隧穿效应；正极溶解模型是基于电解质中质子与过渡金属离子的交换反应。根
据电池的老化模型，模拟了锂离子电池的容量随温度、SoC、电流等测试条件的变化规
律。实验和模拟的结果都表明：电池的容量损失是 SoC、温度、电流以及循环区间的
函数。 
 
 
关键词：锂离子电池；SEI 膜；模拟 
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Abstract 
The application of Li-ion batteries in electric vehicles (EV) and hybrid electric vehicles 
(HEV) has recently drawn major attention. The replacement of internal-combustion-engine 
driven vehicles by EV is considered to be an effective way to mitigate the air pollution problems 
in large cities. The aging performance has significant consequence on reliability and safety of 
a Li-ion battery system. An in-depth understanding of aging mechanisms is helpful to improve 
the life-span of Li-ion batteries. Modeling is an efficient way to investigate the battery 
performance degradation. By modeling, researchers can not only explain the aging phenomena 
observed, but also predict the aging results which cannot be easily detected. The modeling work 
presented in this thesis provides a theoretical basis on improving battery manufacturing 
techniques and on developing battery management systems. 
The complete investigation strategy in this thesis is composed of three steps, namely, battery 
test, data analyses and simulations. The testing step constitutes storage and cycling 
measurements. Different battery SoC and temperature have been controlled during storage. The 
currents, cycling ranges and temperature are treated as variables in cycling conditions. In data 
analyses section, the Electromotive Force (EMF) curves, determined by mathematical 
extrapolation of the measured voltage discharge curves, are used to investigate the aging 
mechanisms during aging. The irreversible capacity loss is accurately calculated on the basis of 
the maximum storage capacity estimated from the EMF curves. Based on the EMF curves, 
݀ ாܸெி/݀ܳ  curves have been calculated. A nondestructive approach for quantification of 
graphite electrode decay is proposed on the basis of ݀ ாܸெி/݀ܳ analysis. Based on the analyses 
of the aging results obtained under various aging conditions, an advanced aging model of LFP 
battery has been proposed in this thesis. The irreversible capacity losses are simulated on the 
basis of the complete aging model which is composed of the SEI formation model and cathode 
dissolution model (at elevated temperatures). Electron tunneling is assumed to be rate 
determining in the SEI formation model. The cathode dissolution is assumed to be controlled 
by the proton exchange with transition metal. The model systematically explains the influences 
of SoC, temperature, cycling current and cycling ranges on battery capacity loss. It has been 
concluded from both experimental and simulations that capacity losses are as a function of SoC, 
temperature, current and cycling ranges. 
 
Key words: Li-ion battery; Solid-Electrolyte-Interphase; Simulation
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